While some amoebae reproduce sexually, many amoebae (e.g., Acanthamoeba, Naegleria) reproduce asexually and therefore, according to popular doctrine, are likely to have been genetically disadvantaged as a consequence. In the absence of sex, mutations are proposed to accumulate by a mechanism known as Muller's ratchet. I hypothesise that amoebae can escape the ravages of accumulated mutation by virtue of their being polyploid. The polyploid state reduces spontaneous mutation accumulation by gene conversion, the freshly mutated copy being corrected by the presence of the many other wild-type copies. In this manner these amoebae reap the benefits of an asexual reproductive existence: principally, that it is rapid and convenient. Evidence for this mechanism comes from polyploid plants, bacteria, and archaea.
Sex as the Ancestral Condition
Evidence is accumulating for sexual reproduction being the ancestral state for eukaryotes and that the asexual mode arose some time later [1] [2] [3] [4] . We might never know, of course, but this view is based on the ubiquity of sexual reproduction in eukaryotic branches and the observation that meiosis-specific genes tend to be found in protistan genomes, even in the absence of known sexual cycles [3] . The [ 1 0 _ T D $ D I F F ] nonexhaustive list of organisms for which this is true includes Acanthamoeba [5] , Naegleria [6] , Reticulomyxa [7] , Entamoeba [8, 9] , Capsaspora [10] , Dientamoeba [11] , and Trichomonas [12] . It is possible that in some of these cases a sexual or parasexual process is present but has not yet been observed, and this view is supported by recent discoveries of parasexual processes in the previously assumed asexual amoeba Cochliopodium [13] , in the kinetoplastid parasite Trypanosoma [14] , and in the diplomonad parasite Giardia [15] . Cochliopodium pentatrifurcatum undergoes what has been described as a parasexual process in which many amoebae and their nuclei fuse to produce a plasmodium, which subsequently divides producing uninuclear amoebae once again [13] . Some other amoebae are known to fuse but fusion of their nuclei has not been reported [16, 17] ; however, true sex can be said to have occurred only if meiosis has taken place [4] . Cell and nuclear fusion followed by meiosis is known to occur during macrocyst formation in dictyostelid members of the Amoebozoa [18] . At present it seems likely that important human pathogens such as Acanthamoeba sp., Naegleria fowleri, and Entamoeba histolytica are now asexual and that they have been for a significant but undetermined period. How these organisms persist and even thrive in this state is an important question. This Opinion article argues that amoebae (and other asexual protists) can escape the accumulation of deleterious mutations by being polyploid (see Glossary) to various extents.
The Advantages of Sexual Reproduction
The most important advantage that sexual reproduction offers is the possibility to combine beneficial genes in the progeny. In the absence of genetic recombination by sexual means it is argued there is no way that two beneficial mutations occurring in two different individuals can
Trends
It is becoming clear that polyploidy is much more prevalent in bacteria and archaea than has been hitherto appreciated. It is possible the number of polyploid prokaryotes is greater than that of the uniploid species. Attention is turning towards discovering the consequences of polyploidy in prokaryotes.
The exact nature of the polyploid state remains only vaguely known even in very well[ 9 _ T D $ D I F F ] -studied genera such as Acanthamoeba. The estimate of ploidy of approximately 25 was made in 1986 and has not been confirmed or refined since. A growing number of amoebal genomes are becoming available and this will help to reveal new details of the ploidy of amoebae.
Attention has now turned to the issue of amoebal reproductive strategies and there is now an opportunity to detect weaknesses in reproductive strategies and to invent more effective ways of avoiding infection and treating existing infections.
end up in any single ancestor and become fixed in the population [19] . Sexual reproduction also avoids the accumulation of mutations, negative epistasis, and drift effects [20] . A further advantageous consequence of sexual reproduction is that more than one beneficial mutation can be selected simultaneously, thereby resolving, to some extent, 'Haldane's dilemma' [21] (see below). Sexual reproduction works best when there are mate selection mechanisms; the extraordinary displays of bird of paradise species illustrates the importance that some species attach to this process. Bright plumage and intricate dance routines are proxies for superior individuals and these traits are encoded by high-quality genomes.
Disadvantages of Sexual Reproduction
Mate selection through fitness inference (displays, plumage) requires not only an impressive performance but also cognitive sophistication on the viewer's part. The ability both to perform and to perceive are, of course, lacking in amoebae. This being the case, an amoeba may not be able to differentiate a perfect partner from a mutant wreck. However, a more fundamental problem faces an amoeba in search of a mating partner. In addition to finding the 'best' partner, there are likely to be mechanical difficulties in finding amoebae of the same species in the first place. It seems reasonable that at the time closer to the last eukaryotic common ancestor, there were fewer amoebal species around but that the number of individuals would have been similar and so the chances of a sexual encounter with a conspecific would have been very much greater. Sexual reproduction is notorious for the risk of infection that it entails and it is also possible for amoebae to pick up parasites and bacterial or viral infection during cell fusion.
Haldane calculated that the number of deaths required in a sexually reproducing population to fix a beneficial mutation would be very much higher than the number of individuals in that population [22] . The basis of this calculation has been challenged by many [23, 24] but some still suspect that the question has not quite been satisfactorily addressed [25] . The consensus seems to be that the fixation of beneficial mutations in a population by sexual reproduction does indeed entail a cost, especially in terms of deaths required, but that this is not nearly as high as Haldane's original calculations suggest.
Recombination through sexual reproduction may result in the disruption of beneficial interactions between genes. This is known as the 'recombinational load' [26] . Similarly, deleterious genes can 'hitchhike' along with physically proximal beneficial alleles, as has been reported to be the case for the strongly selected lactase allele in humans [27] .
The Benefits of Asexual Reproduction
For an amoeba, the greatest single advantage of asexual reproduction must be its simplicity and convenience. No partners need to be encountered and solicited, as the cell merely replicates its nucleus and divides thereafter. Another major advantage is that an asexual amoeba is able to pass on its entire genome (not just half, as is the case with sexual reproduction). If we accept that the driving force behind evolution and the only purpose in an organism's existence is to pass on its genetic material, this is important. The asexual reproduction strategy probably succeeds for an amoeba because the costs of sexual reproduction (such as the production of devices to find mates and the time involved) are prohibitive.
Disadvantages of Asexual Reproduction
According to the principle of Muller's ratchet [28] , asexual organisms are destined for ultimate extinction due to the accumulation of deleterious mutations. Reverse mutations are arithmetically improbable as a counter mechanism and so the reduction in fitness tends to proceed in one direction only, giving rise to the ratchet parallel ( Figure 1A ). Bacteria and archaea usually avoid the ratchet by recombination, which is analogous to sex [29] . Experimental evidence for the existence and operation of the ratchet has been provided [30] . These authors grew Glossary Axenic: growth of an organism in the absence of food organisms (alive or dead). Depolyploidisation: the reduction in DNA content before events such as encystment or mitosis. Drift: or 'genetic drift'; the tendency for genes to be randomly selected, typically in populations that undergo cyclical contraction and expansion. Endopolyploid: the polyploidy of some cells in an otherwise diploid multicellular organism. Chromosomal replication usually results in multiple copies with the common centromere massed together as a chromocentre. Epistasis: the interaction between genes such that one gene is dependent on the other for the manifestation of its affect or activity. Gene conversion: a form of homologous recombination in which one sequence is replaced by another, by copying the homologous sequence from the donor sequence. Heterosis: enhanced performance as a result of hybridisation or outbreeding; often described as 'hybrid vigour'. Hitchhike: an allele may increase its frequency in a population not by direct selection but because it is near another allele that is selected. Homologous recombination: the exchange of nucleotide sequences that are similar so that doublestranded breaks can be repaired and recombination occurs during meiosis. Polyploidy: the arrangement whereby organisms/cells have multiple genome copies within each nucleus. Polytene chromosomes: specialist chromosomes that undergo repeated replication without separation so that they thicken to form structures that can be stained to reveal a banded pattern showing the domains of the chromosomes, which differ in condensation. They are found in the salivary glands of various fly species. RecA: a DNA repair enzyme with homologs in bacteria, archaea, and eukaryotes (RAD51). RecA is essential for homologous recombination.
Salmonella typhimurium under drift conditions (repeated cycles of population expansion followed by colony selection) in the absence of the possibility of bacterial recombination. They found that 1% of this population suffered significant loss of fitness, as indicated by slow growth, after 1700 generations, as predicted by the operation of a ratchet mechanism. The same authors suggest four ways in which this ratchet effect can be countered: (i) by sexual reproduction, which allows recombination and selection of fit offspring; (ii) by maintaining a large population size, which allows selection of the few non[ 1 1 _ T D $ D I F F ] debilitated individuals that exist by chance; (iii) by increasing the frequency of compensating mutations; and (iv) by the prevention of mutations. I suggest that amoebae and other microorganisms can escape the ratchet through the rapid reversal of spontaneous mutations by gene conversion, a form of homologous recombination in which one sequence is replaced by another by copying the homologous sequence from the donor sequence ( Figure 1B) . Gene conversion is facilitated either by being highly polyploid or by possessing multiple copies of all or most genes throughout the genome. I argue that most asexual amoebae adopt the strategy of polyploidy.
Polyploidy
The issue of polyploidy continues to be controversial. [31] opined that 'only rare polyploids survive over the long term and most are evolutionary dead-ends', while others have propagates together with the wild-type genome into subsequent generations. Some copies are removed by depolyploidisation (DPP) (3) and the surviving copies, including the one containing the horizontally transmitted gene (red), are transmitted to the daughter cell after mitosis; the genome is then made polyploid once more, but now contains many copies of the red gene.
countered that polyploidisation is a recurrent and 'major mechanism of evolution and diversification' [32] and a number of advantages of polyploidy have been highlighted. Gene duplication from polyploidy may lead to accelerated evolution and heterosis [33] . A high degree of ploidy is also an effective strategy against genetic drift, a further danger of the asexual life [20] . More mundanely, it has been suggested that the extra DNA serves as storage for phosphates [34] .
Genes in multigene families evolve in a concerted fashion so that, for example, ribosomal genes are virtually identical within a given organism [35] . This being the case, heavily polyploid cells are also expected to converge so that all copies become more similar. This process is hypothesised to prevent the spread of mutations, as each fresh mutation is likely to be 'corrected' by gene conversion using the many other copies as templates [36] . Having numerous copies of the same genes within a single copy of the genome would also bypass Muller's ratchet by homologous recombination. One amoeba that appears to have adopted the strategy of having multiple gene copies is the large network amoeba Reticulomyxa filosa [7] . The ploidy of relatively few amoebae is known (Table 1 ) but these are predominantly polyploid to various extents. A further advantage of the polyploid state is the modification of genomes by lateral ( Figure 1C ) gene transfer and the occurrence of mutations that can be safely 'tested' in the presence of the existing wild-type genome [37] . In this way modifications such as mutations could be introduced in one copy of a gene while a wild-type copy still exists to perform the original function.
Polyploidy is often associated with large cell size; the giant bacterium Epulopiscium, for example, reaches about 0.6 mm in length (300 times that of Escherichia coli) and contains tens of thousands of genomes [38] . It is presumed that large cells require extra genomes to produce enough transcribed RNA to meet the greater demand for protein synthesis; in agreement with this, specialist cells that produce large amounts of particular proteins are often endopolyploid.
The polytene chromosomes of dipteran salivary glands are a famous example of this. Among the giant amoebae, Polychaos dubium has around 20 000 genome copies, giving it the largest eukaryotic genome recorded [39] , while the similarly sized Chaos chaos has opted to keep its many genome copies in separate nuclei. [5, 8, 36, 40] . This may partly explain why these genes have been retained by the amoebae in the apparent absence of meiosis. It is even possible that the full set of meiosis genes in amoebae is employed in gene conversion.
Many bacteria and archaea are polyploid and the level of polyploidy is generally correlated with a lower genomic mutation rate (Table 2 ). In line with the argument put forward here, Jörg Soppa suggests that the copy number of genomes in polyploid archaea becomes equalised, and he showed that this is brought about by gene conversion [41] . The importance of gene conversion as a means to escape Muller's ratchet has also been pointed out by others for the specific case of archaea [42] . An informative exception to the inverse relationship between mutation rate and ploidy is Buchnera, a symbiont of aphids, which has 120 genome copies per bacterium [43] yet has a mutation rate similar to that of E. coli [44] . The explanation for this seems to be that Buchnera has no RecA gene [45] and so cannot participate in gene conversion. This demonstrates that polyploidy alone does not confer mutation resistance but that the ability to perform homologous recombination is also necessary.
The genomes of mitochondria and plastids are also subject to Muller's ratchet. In Saccharomyces cerevisiae, the mitochondrial polyploid state is associated with lower mutation rates: a modest 1. [46] . In the tobacco plant, Nicotiana tabacum, the polyploid plastid is proposed to escape Muller's ratchet through a gene conversion mechanism resulting in deleterious mutations being corrected and thereby permitting asexual reproduction of the organelles with high fidelity [47] .
Evolving Amoebae?
One anticipated consequence of the escape from Muller's ratchet through polyploidy and gene conversion may be to forego the evolutionary process, or at least to diminish its rate [33] , and there is evidence for such a reduction in plants [31] . This would not be a successful strategy for many organisms, but for a soil amoeba in an essentially unchanging environment rapid evolution may be considered a dispensable luxury. However, many bacteria are parasites of amoebae [48] and amoebae are viral hosts [49] , so it is almost certain that phenotypic plasticity remains necessary.
One strain of Acanthamoeba (the Neff strain) has been in axenic culture since 1957 [50] and has now lost the ability to synchronously produce viable cysts as it once did when conditions became incompatible with growth through, for example, nutrient depletion [51] . This and the often prolonged period of adjustment to axenic growth suggest an ability to evolve and to adapt to the artificial environment of axenic culture (although we cannot exclude epigenetic effects) [51] . The formation of the cyst itself may be key to its ability to evolve. Amoeba proteus [52] and Acanthamoeba [53] are reported to reduce their number of genome copies; in the case of Acanthamoeba this occurs in preparation for encystation. This reduction in ploidy may serve an additional purpose in reducing the mutation load. Acanthamoeba cysts carrying a high mutation load either are unable to excyst when better conditions return or are outcompeted by fitter amoebae when they return to the feeding stage [51] . Cycles of encystment-excystment may in this manner strengthen the lineage by the removal of deleterious mutations. Cyst formation itself is an opportunity for an evolutionary event as the ploidy is transiently reduced during its formation. Mutations at this point would become fixed in the genome if the lineage forms a successful cyst that gives rise to a viable amoeba, which then makes more copies of the genome to establish its normal polyploid state. If this is the case, cyclic cyst formation ought to encourage mutation accumulation and evolution. More generally, it has been pointed out [54] that the ability to switch ploidy levels in this manner and to gain the advantages of each ploidy level will be selected for.
The diversity of genera such as Acanthamoeba and Naegleria at the 18S rDNA level is huge and recent evidence suggests that the mitochondrial diversity is even greater in Acanthamoeba [55] .
There is a dearth of information on the population structure of free-living amoebae; for example, we do not know how many species of Acanthamoeba there are in a given volume of soil. The large number of different strains of both Naegleria and Acanthamoeba isolated from the environment probably reflects a huge diversity of both genera in soils and water, making conspecific encounters rare. Compared with Entamoeba, infections by Naegleria and Acanthamoeba are extremely rare events and so coinfections, and the opportunity for sexual processes to occur within the host, are also rare.
A further consequence of the genetic stability resulting from polyploidy may be extreme longevity. Bacteria and archaea from several genera have been isolated and cultured from halite deposits hundreds of millions of years old and their survival has been attributed to their polyploid state [56] . Similarly, it is claimed that Acanthamoeba have been cultivated from permafrost about 30 000 years old [57] and it is possible that this, too, is the result of polyploid-facilitated genomic stability and the resilient nature of the cyst.
Concluding Remarks
The manner by which amoebae reproduce is of importance since many are human pathogens and more still harbour other human pathogens. I have argued that polyploidy allows these amoebae to continue to reproduce asexually but by reducing the mutation rate, the polyploid state may also limit the rate of development of antibiotic resistance.
Since the days of Muller and Haldane several attempts have been made to model the genetics of sexual and asexual reproduction mathematically. The consensus of these models is that sexual reproduction is superior but some have gone as far as to summarise the situation as 'asexual polyploid species cannot exist because they would accumulate deleterious mutations' [58, 59] . These mathematical models tend to ignore the fact that many organisms (exemplified by the amoebae) reproduce asexually, endlessly, successfully, and in huge numbers. Similarly, the prediction that 'ancient asexual lineages can be recognized by their high allele sequence divergence' [60] has been proved false, genomes in asexual lineages such as Acanthamoeba and Entamoeba failing to show this anticipated allelic divergence. Clearly the asexual amoebae are doing something to ensure their survival that has yet to be accounted for, and I suggest that it is the combined influences of polyploidy and gene conversion.
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Outstanding Questions
Most information about polyploid systems comes from prokaryotes or plants. Very little is known about polyploidy in amoebae and techniques to readily assess polyploidy level need to be developed.
How are polyploidy levels in amoebae determined and can this level be experimentally manipulated?
During depolyploidy (e.g., during cyst formation), how does the cell degrade some genome copies while preserving others?
How are asexual polyploid amoebae evolving and how does their polyploid status determine this?
Why have so many very loosely related amoebae developed the same asexual strategy?
Do asexual polyploid amoebae sometimes engage in sexual processes and if so how is this initiated and accomplished?
Are there free-living asexual haploid or diploid amoebae?
